nature neuroscience volume 18 | number 5 | mAY 2015 637 a r t i c l e s both RGC and IP: although delaminated and basally located in the SVZ, ORG retain a radial process that frequently reaches the pial surface, and express many of the transcription factors and cytoskeletal markers of apical RGC 5, 6 . Despite undergoing mitosis in the SVZ, ORG appear less restricted than multipolar IP in their self-renewal capacity and lineage potential: they can divide symmetrically to produce two daughter ORG 8 and give rise to both neurons and astrocytes 9 . Finally, a subset of ORG coexpresses TBR2 (refs. 6, 9, 10) , the proneural transcription factor associated predominantly with IP in rodents. Unfortunately, although these findings highlight the need for a more detailed molecular characterization of ORG and other human progenitor subtypes, the paucity of ORG in the mouse has presented a barrier to better understanding their molecular and cellular identity.
a r t i c l e s both RGC and IP: although delaminated and basally located in the SVZ, ORG retain a radial process that frequently reaches the pial surface, and express many of the transcription factors and cytoskeletal markers of apical RGC 5, 6 . Despite undergoing mitosis in the SVZ, ORG appear less restricted than multipolar IP in their self-renewal capacity and lineage potential: they can divide symmetrically to produce two daughter ORG 8 and give rise to both neurons and astrocytes 9 . Finally, a subset of ORG coexpresses TBR2 (refs. 6,9,10) , the proneural transcription factor associated predominantly with IP in rodents. Unfortunately, although these findings highlight the need for a more detailed molecular characterization of ORG and other human progenitor subtypes, the paucity of ORG in the mouse has presented a barrier to better understanding their molecular and cellular identity.
Recent applications of high-throughput technologies have produced extensive transcriptome-wide atlases of gene expression in the human fetal brain, providing valuable insights into the evolution of human cortical neurogenesis and patterning [11] [12] [13] [14] [15] . Surprisingly, however, these studies so far have not uncovered a distinctive transcriptional signature of the expanded human outer SVZ or of the ORG that reside there. The remarkable cellular heterogeneity of the human germinal zones may obscure such a signal, since comparisons of bulk tissue samples collected by microdissection are limited to producing an average gene expression profile of the many cell types present in the samples. The SVZ in particular harbors various subtypes of radial and non-radial
The neurons of the cerebral cortex are generated from several diverse types of neural progenitor cells whose molecular controls and lineage relationships are still not well understood. In the embryonic mouse brain, two primary progenitor subtypes that produce the excitatory projection neurons of the neocortex are clearly distinguishable by their germinal zone location, morphology, gene expression and lineage potential 1 . Radial glial cells (RGC), a progenitor subtype shared by all mammals, are highly polarized, epithelial-like progenitors whose cell bodies reside in the ventricular zone (VZ) and possess apical processes integrated into the ventricular surface while a radial process extends basally to the pial basement membrane. RGC are multipotent and self-renewing, undergoing mitosis at the ventricular surface and sequentially producing excitatory neurons of all cortical layers, as well as glial lineages 2 . RGC primarily produce neurons indirectly, generating intermediate progenitors (IP) that, in contrast to RGC, are multipolar, nonepithelial cells, basally located in the subventricular zone (SVZ), with limited capacity for self-renewal and restricted in fate to producing neurons 3 .
In contrast to those of rodents, primate cortical germinal zones, especially those of the human, are more complex, as exemplified by the dramatic expansion and subdivision of the SVZ into inner and outer compartments containing heterogeneous populations of progenitors with diverse morphological and molecular characteristics [4] [5] [6] [7] . Most notably, basal or outer radial glial cells (ORG), which are abundant in the human fetal cortex but rare in the mouse, display characteristics of Single-cell analysis reveals transcriptional heterogeneity of neural progenitors in human cortex The human cerebral cortex depends for its normal development and size on a precisely controlled balance between self-renewal and differentiation of diverse neural progenitor cells. Specialized progenitors that are common in humans but virtually absent in rodents, called outer radial glia (ORG), have been suggested to be crucial to the evolutionary expansion of the human cortex. We combined progenitor subtype-specific sorting with transcriptome-wide RNA sequencing to identify genes enriched in human ORG, which included targets of the transcription factor neurogenin and previously uncharacterized, evolutionarily dynamic long noncoding RNAs. Activating the neurogenin pathway in ferret progenitors promoted delamination and outward migration. Finally, single-cell transcriptional profiling in human, ferret and mouse revealed more cells coexpressing proneural neurogenin targets in human than in other species, suggesting greater neuronal lineage commitment and differentiation of self-renewing progenitors. Thus, we find that the abundance of human ORG is paralleled by increased transcriptional heterogeneity of cortical progenitors.
progenitors, radially migrating projection neurons, and tangentially migrating interneurons originating from separate progenitor pools in the ventral telencephalic germinal zones.
In the present study, we dissected the cellular heterogeneity of the fetal human cortex by first isolating the cell populations of interest from dissociated tissue and then applying single-cell gene expression profiling. Using this approach, we found hundreds of genes that were specifically enriched in apical RGC, and a smaller but distinct transcriptional signature of human ORG. The ORG transcriptional profile was dominated by proneural transcription factors of the neurogenin pathway, indicating that, at the population level, ORG represent a distinct reservoir of neuronal lineage-committed, self-renewing radial progenitors. We overexpressed the neurogenin pathway in the developing cortex of the ferret, a carnivore with abundant ORG, and confirmed that this pathway has a conserved function in processes critical to ORG formation, including delamination from the ventricular neuroepithelium and migration into the SVZ. A comparative single-cell transcriptional analysis of human, ferret and mouse progenitors confirmed that neurogenin pathway-expressing cells were more abundant among human progenitors and less common in mice, which lack a large ORG subpopulation. More generally, single-cell profiling revealed a surprising transcriptional heterogeneity of human and, to a lesser degree, ferret cortical progenitors, which we propose reflects an extended, more LG + Pr lo
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LG -Pr - LG + Pr hi apical and LG + Pr lo nonapical RGC subpopulations included genes involved in calcium signaling, epithelial-to-mesenchymal transition (EMT) and cell migration and motility, as well as several members of a proneural transcription factor network regulated by the transcription factor NEUROG2. npg a r t i c l e s more early markers of neuronal fate commitment, TBR2 (EOMES) 23 and BTG2 (Tis21) 26 , were all highly expressed in both LG + Pr hi and LG + Pr lo subpopulations (Fig. 1d) . Given that NEUROG2 expression is transient in mouse apical progenitors during their transition from RGC to TBR2 + IP 23, 27 , we sought to validate the expression of NEUROG2 in apical and non-apical RGC and to test its function in a model species with abundant cortical ORG.
NEUROG2 function in RGC of the gyrencephalic ferret cortex The developing ferret and human cerebral cortices share several key features, including stereotyped sulci and gyri, a dramatically expanded subventricular zone (SVZ), and an abundance of ORG, making the ferret an attractive model for the study of cortical neurogenesis 9, 28, 29 . We first confirmed the expression of NEUROG2 in ferret RGC (Fig. 2a,b) , identifying a marked 'salt-and-pepper' pattern of NEUROG2 immunoreactivity in both the VZ and SVZ. We then used in vivo electroporation of the newborn ferret dorsal cortical VZ to express a NEUROG2-VP16 fusion protein, which links the DNA-binding domain of NEUROG2 to the VP16 constitutive transcriptional activator domain 25 , thus activating all direct downstream targets of NEUROG2 in ferret apical RGC. Following delivery of the Neurog2-VP16 expression construct, we allowed ferret kits to develop for up to 10 days post-electroporation (DPE), during which time many neurons of the upper cortical layers are generated [30] [31] [32] (Fig. 2c) . In both control (pCAG-GFP) and Neurog2-VP16 brains, we observed numerous GFP + SOX2 + and GFP + TBR2 + cells in the VZ, including cells in the basal VZ and inner SVZ with a characteristic ORG morphology (Fig. 2d,e) , as well as many GFP + cells in the SVZ and intermediate zone (IZ), with a small number reaching the cortical plate (CP) after longer survival times (up to 10 DPE) (Fig. 2f) . At 7-9 DPE, NEUROG2-VP16 induced a significant shift in the proportion of GFP + cells from the VZ to the SVZ/IZ and a concomitant reduction in the proportion of GFP + cells coexpressing SOX2 (Fig. 2g) , with most NEUROG2-VP16 + cells displaying the morphology of radially migrating postmitotic neurons in the outer SVZ and IZ. In addition, we FACS-purified electroporated cells from the ferret cortex and performed qRT-PCR analysis of ORG-enriched candidate genes identified in humans. We found that nearly all human ORGenriched NEUROG2 downstream targets were highly upregulated by the NEUROG2-VP16 construct in ferret, relative to their expression in control GFP-expressing cells, while Sox2 was repressed ( Supplementary  Fig. 4) . Notably, NEUROG2-VP16 expression in ferret RGC in vivo also resulted in increased expression of the ferret orthologs of several other human ORG-enriched genes, including Gadd45g and Ttyh2 ( Supplementary Fig. 4 ), further suggesting that NEUROG2 is a critical regulator of a conserved radial progenitor development program in species with abundant ORG. Taken together, our ferret functional experiments demonstrate a conserved role for NEUROG2 transcriptional targets in driving delamination from the ventricular neuroepithelium, which is a key step in the production of ORG, while additional downstream effectors initiate repression of Sox2 and activation of a neuronal differentiation program, including radial migration, as previously described in mice. Future studies will be required to identify the specific factors downstream of NEUROG2 that regulate neuroepithelial integration and elucidate the molecular mechanisms that permit a subset of NEUROG2-expressing ferret and human RGC to remain integrated in the VZ while others detach and migrate into the SVZ.
Single-cell analysis of species-specific RGC heterogeneity Both our human RNA-seq and ferret immunofluorescence data demonstrate NEUROG2 + RGC subpopulations in both the VZ and SVZ, intermingled with NEUROG2 -progenitors, exemplifying the heterogeneity Several lines of evidence confirm that our sorting approach enriches for RGC while separating apical from non-apical subpopulations. First, quantitative real-time reverse transcription PCR (qRT-PCR) confirmed that both LG + Pr hi and LG + Pr lo cells were enriched for markers of neural progenitors and radial glia, while being depleted for neuronal genes, compared to the LG -Pr -population (Supplementary Fig. 1a ).
LG + Pr hi cells showed enrichment for mRNAs encoding PROM1 and other apical membrane proteins as compared to LG + Pr lo cells ( Supplementary  Fig. 1a) . LeX + cells proliferated in vitro to produce neurospheres that showed SOX2 immunoreactivity and were serially passaged at clonal density, consistent with neural stem cell behavior 16 ( Supplementary  Fig. 1b) . Furthermore, in RGC sorted from embryonic mouse cortex, PROM1 largely overlapped with both LeX and GLAST, with few LG + Pr lo cells detected, confirming the scarcity of non-apical ORG in mouse (Fig. 1b) . Finally, since non-apical multipolar IP lack PROM1, the absence of a significant LG + Pr lo population in the mouse also corroborates the absence of LeX and GLAST on IP, as these would appear LG + Pr lo by FACS. Thus, our method provides an opportunity to assay transcriptome-wide differences between, as well as heterogeneity within, human progenitor subtypes.
RNA-seq of the three FACS-enriched cell populations from three biological replicates 18-19 weeks of gestation (WG) (Supplementary Table 1 ) identified ~3,500 known genes, as well as ~250 new, nonreference loci, with significantly different expression (false discovery rate <5%, fragments per kilobase per million reads fpkm >1). Principal component analysis indicated that the greatest proportion of variability between samples reflected the differences between the LG + RGC and LG -cells, but the second principal component highlighted differences between the LG + Pr hi apical and LG + Pr lo non-apical subpopulations, indicating a distinct ORG transcriptional signature (Fig. 1c) . Gene set enrichment analysis further demonstrated the radial glial progenitor nature of the LG + population: relative to the LG -Pr -pool, LG + cells were enriched for genes involved in cell cycle regulation, DNA replication, extracellular matrix, and growth factor pathways critical for RGC maintenance and neurogenesis ( Supplementary Fig. 2) . Notably, LG + enriched genes included integrin signaling and basement membrane components, such as laminins, consistent with both LG + Pr hi and LG + Pr lo subpopulations maintaining radial processes contacting the pial basement membrane, as has been shown for ORG 5, 6, 9 . In all, 552 genes significantly differed between LG + Pr hi and LG + Pr lo cells, with 79 of these genes specifically enriched or depleted in LG + Pr lo non-apical ORG ( Fig. 1d and Supplementary Fig. 3 ). Among the genes upregulated in LG + Pr lo ORG, six transcription factors-HES6, NEUROD4 (Atoh3, Math3), NHLH1 (HEN1, NSCL1), NEUROD1, CBFA2T2 (Mtgr1) and MYT1-are all downstream of the critical regulatory gene NEUROG2, encoding neurogenin 2 (refs. 21, 22) , which in mouse cortex and chick spinal cord initiates delamination and neuronal lineage commitment of neural precursors [23] [24] [25] . Notably, NEUROG2 itself and two LG -PrLeX -, Glast -, PROM1 -
Dissociated fetal human cortical tissue was immunolabeled for radial glial progenitor markers LeX (CD15), GLAST (SLC1A3) and PROM1 (prominin; CD133). LeX and Glast are detected on most RGC [16] [17] [18] , while PROM1 is specific to the apical membrane domain found at the ventricular surface 19, 20 .
npg a r t i c l e s be divided into apical/multipotent (I) and apical/proneural (II and V) subpopulations on the basis of their lesser (21 ± 5%) or greater (81 ± 7%) expression of proneural neurogenin-pathway transcription factors, respectively. ORG-like non-apical subpopulations (clusters III and IV) with lower detection rates of apical complex transcripts (31 ± 6%) were similarly subdivided according to lower or higher rates of proneural gene expression (22 ± 7% versus 65 ± 15%). Notably, most non-apical/ proneural cells were NEUROG2 -(cluster III), consistent with observations in the mouse that NEUROG2 represses apical identity and is then downregulated upon delamination 23 . Finally, both apical and non-apical proneural RGC were further subdivided by expression of other LG + Pr loenriched genes (TTYH2, PLCB4, SSTR2, RASGRP1) that define additional transcriptional heterogeneity among human cortical progenitors. These results demonstrate significant multigenic transcriptional diversity within cortical radial glial progenitors and are characteristic of the previously unappreciated heterogeneity recently revealed by single-cell analyses in other, non-neural stem cell niches 33, 34 . In contrast to the human analysis, single RGC from the embryonic day (E) 16-17 mouse cortex showed fewer distinct transcriptional states that confounds population-level transcriptome comparisons, so we turned to single-cell analysis to compare the subpopulations of radial progenitors in human, ferret, and mouse. We first sorted RGC from human fetal cortex (n = 6, 16-21 WG; Supplementary Table 1) into 96-well plates and performed microfluidics-based, highly multiplexed, single-cell qRT-PCR to simultaneously assay several dozen genes, which included markers for all RGC (PAX6, SOX2, GLAST, BLBP (FABP7), VIM, NES) and apical RGC (PROM1, PARD3, MPP5, TJP1); proneural neurogenin-pathway transcription factors; and additional validated LG + Pr lo , ORG-enriched genes (Supplementary Fig. 3 ). Among 546 sorted single human progenitors, PAX6, SOX2, GLAST, BLBP and VIM were detected in 93 ± 3% of cells (Supplementary Fig. 5a ), confirming their radial glial identity. Hierarchical clustering revealed several distinct transcriptional states characterized by the combinatorial expression of apical markers and proneural factors, such that cells fell into one of four main subpopulations. We refer to these as apical/multipotent, apical/proneural, non-apical/multipotent and non-apical/proneural ( Fig. 3a and Supplementary Fig. 5b ). Apical RGC subpopulations ( clusters I, II, V in Fig. 3a ; 71 ± 8% detection rate for apical genes) could (Fig. 3b) , corresponding to the apical/multipotent (cluster i), apical/proneural (ii) and non-apical/ proneural (iii) subsets observed in the human cortex. Although a ( Fig. 3b and Supplementary Fig. 5a ) and rarely expressed many of the genes that defined subsets of human cells (Fig. 3b,c) 
subset of those were positive for Neurod4 and Neurod1 (clusters iv and v). The ferret homologs of some human ORG-enriched genes (for example, Rasgrp1) were preferentially expressed in these proneural cells, as in human, whereas the homologs of most human ORG genes (such as Ttyh2, Sstr2) were more homogeneously expressed in most ferret cells and, conversely, some genes (such as Foxn2) were heterogeneously expressed in subsets of cells that did not correspond to those seen in human. Finally, we noted that a greater proportion of ferret cells than human cells expressed the gliogenic marker Gfap, which is consistent with evidence that ferret ORG have astrogliogenic potential 9 . Taken together, our single-cell analyses from human, ferret and mouse implicate many genes acting in a coordinated network that may be responsible for the evolution of novel progenitor transcriptional states critical for human cortical development.
Long noncoding transcripts enriched in human ORG
Given the species differences in RGC subpopulations revealed by our single-cell analysis, we next searched our RNA-seq data for transcriptional influences on species differences in RGC molecular identity. We identified candidate nonconserved RNA transcripts that included lncRNAs, which are evolutionarily dynamic, frequently lack humanmouse homology 35 and are involved in critical neural developmental processes such as progenitor pluripotency, neurogenesis and epithelial-mesenchymal transition [36] [37] [38] . We compared 253 differentially expressed unannotated loci (Fig. 5a) to two published human lncRNA catalogs 39, 40 and identified 75 loci overlapping putative human lncRNAs 39 , while only 18 loci matched reported human-mouse conserved lncRNAs 40 (Fig. 5b and Table 2 ), suggesting that the human RGC subtype-specific transcripts we have identified include many lncRNAs that lack any homologous mouse transcripts. Unexpectedly, we found that a much greater proportion of the loci, as compared to substantial subset of mouse RGC coexpressed proneural transcription factors, the proportion of cells was significantly smaller than in human (27% in mouse versus 47% in human; P = 9.57 × 10 -8 , Fisher's exact test). Importantly, the absence of an appreciable non-apical/multipotent subpopulation (human cluster IV) suggests a critical species difference in the proliferative potential of ORG, which could underlie the paucity of ORG in the mouse. Most notably, orthologs of human ORG-enriched genes that contributed markedly to human RGC heterogeneity, including Plcb4, Gadd45g, Ttyh2, Rasgrp1 and Sstr2, were detected in a rare and uncorrelated minority of mouse RGC (<10%, compared to 45-55% in human) (Fig. 3b,c) , further highlighting the species specificity of RGC transcriptional heterogeneity.
Finally, we performed RNA-seq and single-cell profiling of ferret radial glial progenitors and found that they shared some of the key transcriptional states of human RGC. In the absence of working antibodies against ferret prominin, we first validated LeX and Glast antibodies by immunohistochemistry in ferret brain sections, as well as by FACS (data not shown), then collected LG + and LG -cells from neonatal ferret cortex, at which time middle and upper layers of cortex are being generated 30, 31 , roughly corresponding to mouse E16-17 or human 16-20 WG, and performed population-level RNA-seq. Ferret LG + cells were enriched for most previously described RGC marker genes and showed transcriptome-wide expression patterns similar to those of LG + cells from human and mouse cortex (Fig. 4a) . Having verified that LG + cells comprise a substantial proportion of ferret RGC, we performed single-cell profiling on 185 single LG + cells from the neonatal ferret cortex. We found a degree of heterogeneity intermediate between that of the human and mouse progenitors (Fig. 4b) . Most sorted ferret cells expressed classic RGC markers, confirming the specificity of the sorting, while a subset coexpressed Tbr2 (ferret clusters iv and v, and a number of cells in cluster i), and a Figure 4 Population-level whole-transcriptome RNA-seq and single-cell expression analysis of ferret RGC. (a) Expression heat maps of known progenitor and neuronal marker genes, as well as selected human RGC-enriched gene sets, from LG + and LG -cells isolated by FACS from the P2 developing ferret cortex (n = 2). Enrichment of classic RGC markers and a high degree of similarity between gene sets enriched in human and ferret LG + cells validate the use of LeX and Glast to select RGC from the developing ferret cortex. Notably, however, several genes (CXCL12, UNC5B, NTNG2, SEMA5A) show distinct expression patterns (black bullets) between the two species, suggesting that certain growth factor and other pathways may be expressed in a species-specific manner in RGC. (b) Single-cell gene expression profiling of 185 single ferret LG + progenitors was performed using the same gene panel as shown in Figure 3 for human and mouse RGC. As in humans, a substantial fraction of ferret cells in clusters i, iv and v coexpress both RGC markers and are Tbr2 + Neurog2 + , consistent with our immunohistochemical analysis of NEUROG2 expression in the ferret (Fig. 2a) and suggesting this proneural RGC transcriptional state is conserved. As in human RGC, a subset of these proneural cells also express the downstream factors NEUROD1 and NEUROD4. However, the orthologs of some human ORGenriched genes (for example, Rasgrp1) are expressed in fewer ferret RGC, while others (for example, Plcb4, Sstr2, Gadd45g, Ttyh2) appear more homogenous across all cells. Foxn2, which was detected in nearly all human RGC, appears to mark a distinct subpopulation of ferret apical RGC (clusters i and iv). Overall, while ferret RGC exhibit more diversity of transcriptional states than mouse and generally more similarity to human, they are nonetheless distinct in their relative proportions and composition. npg a r t i c l e s showed appreciable expression in human fetal cortex, and even these showed cell-type enrichment patterns distinct from those in mouse ( Table 2 and Supplementary Fig. 7) . Within lncRNAs conserved between human and mouse, we found several, including LINC-PINT, TUNAR, CRNDE and MIR22HG, that were depleted in mouse RGC but enriched in human apical and outer RGC, suggesting potentially distinct functions in cortical development (Supplementary Fig. 7) . Thus, the dynamic patterns of lncRNA expression in RGC subtypes and their notable lack of conservation are consistent with the highly species-and also cell type-specific expression of lncRNAs in other contexts and suggest that this transcript class is unusually dynamic in its evolutionary relationship to cortical development.
To probe the evolutionary history of ORG-enriched lncRNAs, we performed comparative genomic analysis, specifically evaluating their presence in a common mammalian ancestor and their conservation in gyrencephalic mammals such as the ferret and nonhuman primates compared to rodents. We extracted conserved elements within the newly identified lncRNA genomic loci and compared their percentage known genes, were specifically enriched in ORG ( Fig. 5c; 2 .4% versus 0.7%; P = 0.012, Fisher's exact test), suggesting that lncRNAs are especially relevant to the molecular identity and function of the ORG subpopulation in humans. By manual inspection, we determined that although a few of the transcripts reflected incomplete annotations of known genes (for example, alternative transcription start sites or untranslated regions), most resembled bona fide unannotated genes, many of which showed multiple exons and alternative splicing ( Table 3 and Supplementary Fig. 6 ) and none of which have, to our knowledge, previously been reported in cortical development.
Few known lncRNAs that are functionally essential 37 or have been transcriptionally profiled 41 in mouse brain development were detected in human, and those that were conserved displayed species-specific expression patterns, further illustrating the dynamic evolutionary changes in lncRNAs. Of 18 lncRNAs recently knocked out in mice 37 , we identified only two orthologs with appreciable expression in human developing cortex ( Table 3) . Schematics at right represent differential expression patterns of distinct groups of transcripts. (b) Intersection of 253 differentially expressed non-reference loci from our RNA-seq analysis with previous catalogs of human noncoding RNA genes revealed a number of reported human lncRNAs 39 and a smaller number of human-mouse conserved lncRNAs 40 . (c) A significantly greater proportion of the differentially expressed transcripts were specifically enriched in LG + Pr lo non-apical progenitors (2.4%), as compared to known genes (0.7%; *P = 0.012, Fisher's exact test), implicating this evolutionarily dynamic gene class in the regulation of the ORG progenitor subpopulation, which is greatly expanded in humans. (d) Comparative genomics analysis of our ORG-enriched lncRNAs was performed by comparing conserved elements from within each genomic locus from 58 species to a computed ancestral sequence for the laurasiatherian LCA of human, ferret and mouse (see Table 3 ). Here we show an example from a human ORG-enriched lncRNA gene located on chromosome 2. Left, percentage identity of each species' conserved elements from this locus to the LCA sequence; rodents (green) show a highly divergent sequence compared to both primates and other more distantly related groups, including carnivores. Right, multispecies genomic alignments to the same human locus for primates, rodents and other laurasiatherian species (top), with the human ORG RNA-seq reads (middle) and assembled transcripts (bottom), illustrating the greater sequence divergence of rodents compared to either nonhuman primates or other more distant laurasiatherian species. A list of species names appears in Supplementary Table 3. npg a r t i c l e s gyrencephalic, but greatly diverged during rodent evolution, suggesting that these transcripts may be expressed in other species with expanded SVZ progenitor populations. Taken together, our population-level and single-cell transcriptional data show an intriguing correlation between mature cortical size and structure and the heterogeneity of the progenitors that create this structure during development. Recent studies have provided evidence for or against functional heterogeneity within mouse RGC, particularly with respect to the transcription factors CUX2 and FEZF2, respectively 44, 45 . Our human RGC subtype-specific RNA-seq data confirmed that FEZF2 was highly enriched in both LG + Pr hi and LG + Pr lo RGC subpopulations relative to LG -neurons. In contrast, CUX2 showed a highly significant (P = 1.33 × 10 -85 ), >50-fold enrichment in LG -neurons relative to LG + Pr hi apical RGC, with a more modest but still highly significant (P = 1.86 × 10 -32 ) ~8-fold enrichment in LG + Pr lo ORG relative to LG + Pr hi apical RGC. These patterns are consistent with the interpretation that FEZF2 is expressed in both apical and outer RGC, with no significant difference between the progenitor subsets illustrated in Figure 3 , whereas CUX2 is most likely enriched in the NEUROG2 + proneural subsets, consistent with this factor's role in upper layer neuronal morphogenesis. We note, however, that the human specimens available for our studies were from the second half of the second trimester, during the later stages of upper-layer neurogenesis, and that earlier human fetal cortical samples would be required to specifically contrast the expression or function of these two transcription factors in early versus late human radial glial progenitors.
Two previous studies have reported gene expression profiles of the human VZ, ISVZ and OSVZ, using laser capture-assisvto separate the germinal zones from each other and from the postmitotic IZ and CP compartments 13, 14 , with one of these studies also directly contrasting human and mouse germinal zones 13 , and another recent study explored the transcriptional signature of human RGC and the differences in gene expression between human and mouse progenitors 15 . The genes reported by these studies as OSVZ-enriched or human RGC-enriched we found to be expressed either in apical RGC or in both apical RGC and ORG (Supplementary Table 2) , consistent with their being radial glial markers. Conversely, few of the ORG-enriched genes found by our methods were captured by previous studies, highlighting the ability of sorted cell identity to a reconstructed last common ancestor (LCA) of human, mouse and ferret. Both primates and more distant nonrodent species indeed shared greater identity to the LCA conserved sequences than did rodents ( Fig. 5d and Table 3 ). These findings are consistent with the interpretation that functional transcripts were present at these loci in the laurasiatherian LCA and are either highly divergent or lost in the rodent lineage. Thus, many of these newly described human ORGenriched lncRNAs show comparative patterns of sequence conservation that parallel levels of gyrification, being more highly conserved in many larger-brained gyrencephalic species, including other primates and ferrets, and more highly divergent in non-gyrencephalic rodents, consistent with the suggestion that gyrencephaly is an ancestral mammalian trait 42, 43 .
DISCUSSION
Using a combined FACS enrichment and transcriptional profiling strategy, we identified a molecular signature of human ORG comprising hundreds of known genes and newly identified transcripts. Among ORG-enriched genes, we observed a notable over-representation of a well-known transcription factor network, controlled by the critical regulatory factor NEUROG2, and used ferrets to confirm that this transcription factor network drives key steps in ORG productionspecifically, delamination from the ventricular neuroepithelium and migration into the SVZ. However, both our human RNA-seq and our ferret immunohistochemical data indicated heterogeneity of expression of NEUROG2 itself within both apical RGC and ORG, and our human single-cell data showed remarkably diverse transcriptional states within both apical RGC and ORG, characterized by the combinatorial expression patterns of classic progenitor markers, proneural transcription factors and new ORG-enriched candidates such as RASGRP1, TTYH2 and SSTR2. This heterogeneity was markedly simplified in mouse, consistent with the paucity of ORG in that species, but was more evident in ferret single progenitors, which included a substantial subpopulation of NEUROG2 target-expressing RGC. Finally, we describe gene loci putatively encoding lncRNAs, including several loci with enriched expression in human ORG. Several of these ORG-enriched lncRNA loci show comparative genomic evidence of having been present in the LCA of humans and ferrets, which also possess abundant ORG and are Expression patterns of known lncRNA genes with conserved mouse orthologs, most of which show species-specific expression patterns. Human and mouse orthologous pairs were assayed in FACS-purified progenitor and neuron populations by qRT-PCR (see Supplementary Fig. 7 ). n.d., no data. npg a r t i c l e s migrate into the SVZ. In contrast, our transcriptional analysis of human ORG and our unbiased single-cell profiling of hundreds of RGC from human and ferret show that these cells exist in a surprising number of transcriptional transitional states between classic RGC and IP. populations to reveal cell type-specific expression patterns. One previous transcriptional analysis that also identified some of the human ORG-enriched genes found in our study was performed on single progenitors from the embryonic mouse cortex (Supplementary Table 2 ) 46 . Notably, those authors showed by in situ hybridization that some human ORG-enriched genes, which they described as labeling a novel progenitor subpopulation intermediate between classic RGC and IP, were expressed in a thin band at the VZ-SVZ border in E14 mouse cortex, suggesting that these cells were indeed transitioning from RGC to IP. These data are consistent with our interpretation that the human ORG transcriptional signature reflects an abundance of cells within the ORG population persisting in just such a transitional state. Remarkably, the comparison of our data with those of Kawaguchi et al. 46 suggests that the embryonic mouse cortex may have a cell type that is analogous to the human ORG, but that differs both in morphology, having already retracted its radial fiber, and in position, residing between the VZ and the SVZ rather than superficial to the zone of classic TBR2 + multipolar IP. Overall, our data show that human radial glial progenitors, as well as to a lesser extent those of the gyrencephalic ferret, differ most strikingly from mouse RGC in the 'gradedness' of their transition from NEUROG2 -neuroepithelial RGC to delaminated, multipolar, neuronal lineage-committed IP. Live-imaging studies of the embryonic mouse cerebral cortex have consistently shown that daughter cells from the abventricular mitoses of classic RGC concurrently delaminate, retract their radial fibers, lose PAX6 expression, gain TBR2 expression and Previously uncharacterized transcripts with differential expression between apical and non-apical RGC subtypes are listed with their cell type of peak expression. Some transcripts overlap previously reported putative human lncRNAs 39, 40 , but most are completely unannotated. Manual inspection of RNA-seq reads in their genomic context revealed multiple classes of transcripts, including unannotated alternative transcription start sites (5′ UTR exons) and antisense transcripts of known protein-coding genes, as well as many multiexon intergenic transcripts. For each lncRNA, the identity columns show the results of a comparative genomics analysis of each locus to a computed common ancestor of human, ferret and mouse, indicating that, for many loci, sequence homology was preferentially lost along the rodent lineage, potentially contributing to the evolutionary loss of the ORG cell subpopulation in mouse cortex (for further illustration of an example, see Fig. 5d ). TSS, transcription start site; n.d., no data. npg ab24525), chicken anti-Tbr2 1:250 (Millipore AB15894), rabbit anti-GFP 1:1,000 (Abcam ab290), goat anti-Sox2 1:250 (Santa Cruz sc-17320). Sections were washed in PBS and then incubated for 2 h in 0.2× blocking buffer containing Alexa Fluor secondary antibodies (Life Technologies). Slices were then rinsed and coverslipped with Fluoromount-G (Southern Biotech) containing Hoechst 1:1,000 (Roche). Images were obtained with a Zeiss LSM700 confocal microscope and Leica MZ16 F fluorescence stereomicroscope. For quantification, tiled confocal images spanning the entire cortical wall were captured at 20×, stitched, and exported to Photoshop. Three to four pairs of coronal sections from three control (GFP)-electroporated and three NEUROG2-VP16-electroporated hemispheres, matched for the level of section and spatial extent of the electroporation, were imaged and the images were then coded and quantified blind to experimental condition. The Hoechst nuclear counterstain was used to demarcate the borders between VZ, SVZ, IZ and CP, and the numbers of GFP + cell bodies in each zone counted. The percentages of GFP + cells in each zone were calculated separately for each image and averaged across the images for each brain. The averages for each replicate were then compared across experimental conditions using a paired Student's t-test.
Single-cell mRNA expression profiling. After cell labeling, single cells were sorted by FACS into skirted 96-well PCR plates containing Pre-Amplification solution (Cells Direct kit, Life Technologies) and appropriate mixtures of Taqman assays (for human and mouse) or validated primer pairs (for ferret).
Plates were transported on ice and briefly centrifuged before pre-amplification (94 °C 10 min, 50 °C 60 min, 94 °C 30 s, 50 °C 3 min × 28 cycles). Target-specific cDNA from single cells was harvested, screened for expression of housekeeping genes ACTB and GAPDH and then loaded onto a Biomark chip (Fluidigm) for expression profiling with the panel of qRT-PCR assays. Expression data were processed and analyzed using the Singular Analysis Toolset (Fluidigm) and gplots packages in R. Hierarchical clustering was performed using complete linkage based on Euclidean distance and clusters of cells were defined by cutting the single-cell dendrogram at the same height for all three species.
Comparative genomics analysis of new lncRNA loci. Comparative evolutionary analysis of lncRNAs was performed using a modified version of the recently published "forward genomics" approach 49 . Briefly, multisequence fasta files were generated for all conserved regions located within the lncRNAs using existing 100-way vertebrate multiple alignment files available from the UCSC genome browser. Next we generated ancestral sequences for the common ancestor of human, mice and ferrets using the prequel algorithm (--keep-gaps --no-probs --msa-format PHYLIP), part of the PHAST tools 50 . The percentage identities of sequences from all species were determined by alignment to the corresponding ancestral sequence using Needleall, part of the EMBOSS tools 51 . Species with low quality or missing sequence information were excluded from the analysis. Finally, the number of identical bases from all regions within each lncRNA were calculated to yield the percentage identity to the common ancestor.
Statistics.
No statistical methods were used to predetermine sample sizes, but our sample sizes are similar to those generally employed in the field and are comparable to those reported in previous publications 11, 13 . For parametric analyses, data distribution was assumed to be normal, but this was not formally tested. A Supplementary Methods Checklist is available.
